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Introduction
The concept of dissolving the salt of an alkaline metal in a polar macromolecule and thus creating an ion-conducting solid material, also called a solid polymer electrolyte (SPE), was initially proposed by 4 ,s Concurrently, it was recognized that significant long range ionic transport only takes place through amorphous regions;6 restricting use of SPEs based on, for instance, poly(ethylene oxide) (PEO) to moderately elevated temperatures. Several routes to suppress the formation of crystalline domains have since been explored, e.g., the inclusion of nano-sized fillers such as ceramic powders 7 ,8,9 and fullerenes,10 as well as the incorporation of low molecular weight solvents. 11 Another interesting avenue involves the development of novel salts with bulky anions such as Li(CF3S0z)zN (lithium (bis)trifluoromethanesulfonate imide, LiTFSI),tz which are reported to act as plasticizers when complexed with PEO.13 Later reports have, however, shown that a crystalline eutectic system is the favored thermodynamic state for this system as well, at least for high molecular weight polymers,14 though the recrystallization kinetics are extremely slow. IS For the effective design of SPEs for advanced rechargeable batteries and other applications, the ionic transport properties must be thoroughly understood. In spite of extensive research efforts, however, it is often only the bulk ionic conductivity (i.e. the motion of both cations and anions) which is reported. This is somewhat surprising since it is onlY the cations that are electro-active towards the electrodes in a typical lithium polymer battery; hence the relative transfer of charge of this ionconstituent, the cationic transference number (t~), is a parameter of fundamental significance. 16 Although some measurements of transference numbers in SPEs have been obtained, the results are inconsistent,17 most probably due to invalid simplifying assumptions regarding the ideality of electrolyte. 18 The proliferation of papers in the literature reporting (invalid) data, with analyses relying on the "ideal" Nernst-Einstein relation, can be traced back to the inherent sticky and solid nature of SPEs, which largely precludes use of the classical Hittorf method (in which the electrolyte layer is sectioned and weighed after passage of current), 19 In particular, the so-called lac impedance method'zO is still frequently applied,7 despite glaring theoretical shortcomings apparent when dealing with concentrated solutionS. 18
To overcome these difficulties, a new electrochemical Hittorf method, general in nature but especially useful for solid materials such as SPEs, was developed by Newman and coworkers recently.Zl It is based on concentrated solution theory and allows calculation of the cationic transference number from the results of three different electrochemical measurements, concentration cell, restricted diffusion and current interrupt experiments. 3b , 21, 22 In this paper, we present results from these electrochemical measurements with the calculated lithium ion transference numbers and molar ionic conductivities as a function of salt concentration, for LiTFSI dissolved in PEO. All results were obtained at 85°C to ensure that samples were singlephase, and to facilitate a comparison with previously published data on related systems 21 ,23,24,25 Since the calculation of the cationic transference number is dependent on three different experimental parameters, we also included a careful error analysis.
Experimental
High molecular weight PEO (Aldrich, Mw = 5.10 6 g/mol) was dissolved in acetone and recrystallized in order to remove the butylhydroxytoluene (BH1) stabilizer. LiTFSI, a gift from the 3M Company, was dried at 180°C for at least 12 hours under vacuum. The P(EO),,LiTFSI electrolytes were synthesized in a glove box under helium (02 Concentration cells of the configuration Li/P(EO)l1,LiTFSI/P(EO),,LiTFSI/Li were assembled on glass substrates under an inert helium atmosphere, with m kept constant at 12 while n was varied between 5 and 50. All interfaces were established through edgewise overlap of the lithium and/or SPE films, respectively, thereby providing for diffusion pathways of several centimeters in each phase. This was done to prevent a relaxation of the induced concentration gradients on the time scale of the experiment. 21 ,22 A high input impedance electrometer (Keithley 642) was used for data acquisition in order to eliminate effects of cell polarization not stemming from the pre-set concentration gradient. A mathematical relation between the cell potential and the concentration gradient in the form of dU I dlne was achieved using a 4th order polynomial fit of the measurement TM data using Origin software.
For the restricted diffusion and current interrupt measurements, symmetrical cells with lithium electrodes, the electrolyte, and a 76 !lm thick polypropylene spacer were assembled in the glove box.
TM
The whole "cell sandwich" was put into airtight Swagelok cells before being transferred to a convection oven (estimated temperature stability of ± O.S°C) for a 24 hour thickness equilibration at 8S°C. A computer controlled Arbin multichannel potentiostatl galvanostat was used for the galvanostatic polarizations required for both experimental quantities. To obtain values for the salt diffusion coefficient (Ds), the method of restricted diffusion was used, which also provides values of high accuracy for concentrated solutions. 26 Following an initial polarization, the relaxation of the potential (11([» towards equilibrium for a SPE of known thickness (L) was monitored. At long times, the following relationship, in which C, is ,a constant, holds true:
(1)
The aim of the current interrupt experiments is to establish concentration gradients at the electrode surfaces without allowing the concentration boundary layers to propagate to the middle of the cell.
The upper limit for the polarization time (t;) in order to fulfill this requirement was set by the condition. 21 (2) With this requirement fulfilled, the established salt concentration gradient (l1e) over the full cell is directly proportional to the anionic transference number (t~), in accordance with equation (3), where I is the current density and F represents Faraday's constant. For a thorough derivation of this key equation, the original work should be consulted. 21 (3) By using the relationship between the cationic and anionic transference number,27 as described in equation (4), it is mathematically relatively straightforward to rewrite the above equation to obtain t~ as a function of three parameters accessible from previously described experiments. In order to make this final equation more compact, the parameter m has been made to represent the initial slope of a plot of cell potential vs. (1t/l 2 ).
For the AC conductivity measurements, preparations were identical to those of the current interrupt experiments with the notable exception that blocking stainless steel electrodes were used instead of lithium electrodes. The impedance of an electrolyte was determined for a frequency range of 65 kHz to 1 Hz, with a Solartron™ SI 1254 four-channel frequency response analyzer coupled to a 1286 electrochemical interface, with the bulk resistance taken as the touchdown point of the semi-circle or spur on the Z'-axis of a Nyquist plot.
The Gauss approximation formula was used to estimate the accuracy of our data (error bars included in figure 5 ).28 For m and Ds the standard deviation calculated at each discrete salt concentration was used for the error, while the error in c was set to zero considering its comparatively small size. For the error in the quantity dU / dlnc, we chose to cakulate the maximum difference between the derivative of the fit presented in equation (5) and the slope of two adjacent potential readings as presented in figure (4) . This approach probably overestimates the error, especially at low salt concentrations, but the trend showing an increasing t~ value with increasing salt content is still significant.
Results and Discussion
The first quantity needed for the determination of t~ is m, i.e., the initial slope in a plot of potential vs. (1tF2) , obtained from current interrupt experiments; this subsequently required a whole set of independent experiments to be performed for each salt concentration. A notable problem in obtaining these data points originated' in the occurrence of two superimposed effects -a concentration potential and a "double layer" potential-resulting from the galvanostatic polarization.
One way to de-convolute the former is to make use of the comparatively long time scale on which it dissipates as compared to the latter (minutes vs. milliseconds),22 and to plot the potential vs. the LiTFSI system, as seen in figure 2, no monotonic relationship was observed.
In figure 3 , a plot of the natural logarithm of potential vs. time for the relaxation of the galvanostatically polarized electrolyte P(EO)12LiTFSI is presented. The slope of this plot at long times, i.e. when the cell is recovering its initial undisturbed condition, is directly proportional to the salt diffusion coefficient in accordance with equation (1) . To get reliable data on this slope and hence D s, it was necessary to polarize the cell substantially; for the measurement described in figure 3 , a current density of 250 ~/ cm 2 was used for 300 seconds. In comparison, the salt diffusion coefficients for PEO-LiTFSI are of the same magnitude as those of the PEO-NaTFSJ24 and PEONaTf2 1 systems but are significantly larger than those of the PPO-LiTf system. 23
The dependence of pdtential on the logarithm of salt concentration, i.e. a concentration cell plot, is shown in figure 4 . For each concentration at least four independent measurements were performed since the property dU / dIne, on which t~ is dependent, is extremely sensitive to small experimental errors. The maximum deviation between the calculated mean value and a data point was 5 m V corresponding to a relative error of 2.6 %. All data points were used for the 4th order polynomial fit presented below. 0 r----r--___r-T--..,----..,--------r---- 
